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Abstract 
Microholes with diameters varying with the hole depth have promising applications in important 
applications, but their manufacturing is difficult when the diameter of the hole is very small and/or 
varies complicatedly with the depth. In the authors’ previous work (Dabir-Moghaddam et al., 2016), 
physics-based modeling study has been carried out on the interaction of a short laser pulse with a 
plasma plume that pre-exists in a microhole and the resulted effect on the sidewall of the hole. The 
model calculations have implied that a novel dual-pulse laser ablation and plasma amplification 
(LAPA) technique is potentially feasible for drilling microholes with diameters that are different at 
different hole depths. In this paper, further model calculations have been performed to study the effect 
of different initial plasma temperatures. Under the studied conditions, it has been found that laser 
amplification of a plasma plume with a higher initial temperature can lead to a larger heat flux to the 
hole sidewall surface and a larger surface vaporization depth in the sidewall, which indicates that more 
significant material removal will be expected. On the other hand, a lower initial plasma temperature 
can lead to more non-uniform vaporization depths at different sidewall locations, indicating that a 
spatially more selective material removal will be expected.    
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Nomenclature 
  Spatial coordinates  
 Time 
 r-direction velocity component 
 z-direction velocity component 
 Aluminum plasma density 
 Argon density 
 Temperature 
 Pressure 
 Electron thermal conductivity 
 Internal energy 
 Optical absorption coefficient due to the inverse bremsstrahlung effect 
 Intensity of the laser beam 
 
1 Introduction 
Small holes with micro-scale diameters that are different at different hole depths (for example, a 
hole that is dumbbell-shaped, or a hole that is reverse tapered with larger diameters at larger depths) 
have important promising applications, such as in diesel fuel injectors for higher fuel efficiency 
(Clarke and Profeta, 2004). However, the manufacturing of such holes is obviously very difficult when 
the hole has very small diameters and/or the diameter variation with the hole depth is complicated (for 
example, a dumbbell-shaped hole).  
 
In the authors’ previous work (Dabir-Moghaddam et al., 2016), physics-based modeling has been 
carried out on the interaction of a short laser pulse with a plasma that is assumed to pre-exist in a 
microhole and the resulted effect on the sidewall of the hole. Under the model-calculated conditions, it 
has been discovered that the short laser pulse can amplify the plasma (i.e., drive up the plasma 
temperature), which can lead to enhanced and spatially non-uniform heat flux to the hole sidewall. As 
a result, material vaporization has occurred from the sidewall surface, and the vaporization depth is 
spatially non-uniform, indicating that selective material removal has occurred from the sidewall 
(which can yield different hole diameters at different hole depths). The simulation results have implied 
that a new dual-pulse laser ablation and plasma amplification (LAPA) technique is potentially feasible 
for drilling microholes with diameters that are different at different depths (Dabir-Moghaddam et al., 
2016). In the LAPA process, a first short laser pulse is delivered to the hole bottom wall to perform 
ablation to increase the depth of the hole and also lead to a high-temperature plasma. After that, a 
second laser pulse (or even additional pulses) is fired to amplify the generated plasma and enhance the 
heat flux to the sidewall of the hole to selectively remove materials from the sidewall to change the 
hole diameters. By appropriately selecting and controlling the parameters and relative timing of the 
first and second (or additional) laser pulses and repeat the process, potentially LAPA can produce a 
microhole that has different diameters at different depths.  
 
In the authors’ previous work (Dabir-Moghaddam et al., 2016), it is assumed that the pre-existing 
plasma in the microhole has an initial temperature of 100000 K. In this paper, further model 
calculations will be performed to study the effects of the initial temperatures of the pre-existing 
plasma on the induced heat flux to, and the vaporization and melting depths in, the hole sidewall.        
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2 Model 
The model employed in this paper is similar to the authors’ previous work (Dabir-Moghaddam et 
al., 2016). Figure 1a shows the model schematic diagram. The microhole radius is assumed to be 25 
µm, and the hole bottom is assumed to be at z = 0, and the symmetric axis is positioned at r = 0.  At t = 
0, it is assumed that a plasma plume (ionized aluminum vapor) in the cylindrical shape pre-exists with 
a uniform original temperature of T0. The original radius and height of the plasma plume is 20 and 150 
µm. The ambient gas surrounding the plasma is argon, whose temperature and pressure at t = 0 is 300 
K and 1 atmosphere, respectively. A laser pulse with a full-width-at-half-maximum duration of 150 ps 
starts at t = 0. The laser beam is assumed to have a wavelength of 1064 nm and a top-flat spatial 
profile with a radius of 20 µm.  The laser pulse fluence is assumed to be 10 J/cm2. 
 
The gaseous phases inside the microhole will evolve. That is, the temperature, density and velocity 
of the aluminum plasma and the argon may change with time, which can be predicted by solving the 
gas dynamic equations in the two-dimensional (2D) axi-symmetric form (Gusarov et al., 2000; Gurlui 
et al., 2008; Tannehill et al., 1997; Tao and Wu, 2013; Tao et al., 2012a):  
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where r and z represent the spatial coordinates as defined in Figure 1a, t is time, Vr and Vz are the r- 
and z-direction velocity components, respectively, 
1ρ in Eq.(1) and 2ρ in Eq.(2) represent the 
aluminum plasma density and the argon density, respectively, T denotes temperature, P denotes 
pressure, 
ek denotes the electron thermal conductivity (Spitzer, 1956; Mitchner and Kruger, 1973) (it 
should be noted that for argon at temperatures near 300 K (its initial temperature), the thermal 
conductivity of argon at 300 K is applied in the calculations), 
inE  represents the internal energy, IBα
represents the optical absorption coefficient due to the inverse bremsstrahlung effect (Spitzer, 1956; 
Mitchner and Kruger, 1973; Harrach, 1977), and I represents the intensity of the laser beam. The 
simulations performed in this work show that under the calculated conditions the laser beam energy 
absorption by the plasma is not spatially uniform, and the source term due to laser energy absorption, 
, in Eq.(5) is typically larger near the plasma top.  
 
Eqs. (1) to (5) need to be supplemented by suitable equations of state (EOS). The free electron 
number density is calculated by solving the Saha equation, and then based upon the density of free 
electrons, the EOS can be established (Zel’dovich and Raizer, 1966/1967; Zaghloul et al., 2000).  Eqs. 
(1) to (5) have been numerically solved using the finite-difference essentially non-oscillatory (ENO) 
scheme introduced in Liu and Osher, 1998.  
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(a) 
 
(b) 
 
Figure 1. (a) The schematic diagram for the setup of the model (where the initial plasma size at t = 
0 is shown); (b) The model-calculated accumulated surface vaporization depth of the hole sidewall vs 
z at t = 4 ns under different initial plasma temperatures (T0) as shown in the figure.  
 
At each numerical time step, once the gaseous phase temperatures inside the microhole are 
obtained by solving Eqs. (1) to (5), then the thermal flux from the gaseous phase to the surface of the 
sidewall can be calculated, based on which the temperature distributions and temporal variations in the 
sidewall can be predicted by numerically solving the two-dimensional axi-symmetric heat transfer 
equation in the sidewall (Gusarov et al., 2000; Tao et al., 2012a; Gusarov and Smurov, 2005; 
Incropera et al., 2007; Tao et al., 2012b; Jeong et al., 1997) using a finite volume method (Tannehill et 
al., 1997; Incropera et al., 2007). If melting occurs in the sidewall surface layer and the melted surface 
is driven to temperatures that are high enough, surface vaporization may become obvious, and the 
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surface vaporization flux can be determined through the Hertz-Knudsen equation (Jeong et al., 1997; 
Lu et al., 2002). Based on the vaporization flux at each time step, the accumulated vaporization depth 
by certain time can be calculated. The major material properties, etc., that are needed in the 
calculations using the model are taken from the literature (Incropera et al., 2007; Jeong et al., 1997; 
McDonald, 1967; Powell et al., 1966; Lemmon et al., http://webbook.nist.gov).   
 
When solving the governing equations in the model, an explicit method is used (Liu and Osher, 
1998; Tannehill et al., 1997; Incropera et al., 2007): 
(1) Eqs. 1 and 2 (continuity equations) are solved to get the densities,  ρ1 and ρ2.  
(2) Eqs. 3 and 4 (momentum equations) are solved to get the velocities, Vr and Vz. 
(3) Eq. 5 (energy equation) is solved to get the internal energy, .  
(4) Based on , density, and material EOS, the temperature, T, and then pressure P, can be obtained.  
(5) The gas phase thermal conductivity is determined, and the heat flux to the sidewall surface is 
calculated.  
(6) The heat transfer equation is solved in the sidewall domain to obtain the temperature 
distribution in the sidewall. The vaporization flux from the sidewall surface can be calculated 
through the Hertz-Knudsen equation.  
(7) Repeat the above for the calculations in the next time step.  
It should be noted that since an explicit method is used, there is no need to perform iterations 
within each numerical time step. In an explicit method, the state variables at the time step n+1 are 
calculated based on the values of the variables at the time step n, and therefore there is a good 
flexibility about the sequence of solving each governing equation.        
 
3 Results and Discussions 
Figure 1b shows the accumulated vaporization depth of the hole sidewall vs z at t = 4 ns that is 
predicted by the model calculations (by this time, the value of the surface vaporization flux has 
dropped very low). Model calculations have been performed under different initial plasma 
temperatures. It can be seen that the vaporization depth of the sidewall is not uniform spatially, and the 
maximum depth happens roughly at around z = ~130 µm (slightly below the z coordinate of the initial 
plasma top, which is 150 µm). The vaporization depth increases as the initial plasma temperature 
increases. When the initial plasma temperature is 30000 K, the spatially peak vaporization depth at t = 
4 ns is around 4.7 nm. When the initial plasma temperature is 120000 K, the peak depth increases to 
around 18 nm. This indicates that under the same laser pulse, a higher initial plasma temperature will 
lead to a higher material removal efficiency through surface vaporization.  On the other hand, when 
the initial plasma temperature is low (for example, 30000 K), the vaporization primarily happens in 
the area of z = ~100 to ~150 µm. However, when the initial plasma temperature is high (for example, 
120000 K), obvious vaporization also occurs in the area of z < ~100 µm, although the amount is less 
than that in the area of z = ~100 to ~150 µm.  Therefore, Figure 1 also shows that a lower initial 
plasma temperature, although it leads to a lower material removal efficiency through vaporization, can 
result in more selective material removal from the sidewall. To produce a hole whose diameter varies 
with the hole depth, it is very important to spatially selectively remove materials from the surface of  
the hole sidewall.  
 
Figure 2 shows the variation of the accumulated vaporization depth with time for the sidewall at z 
= 130 µm (the approximate location where the maximum vaporization depth occurs as shown in 
Figure 1b). It can be seen that obvious vaporization depth increase starts at the time of a few hundred 
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picoseconds (ps). The vaporization depth first increases approximately linearly with time, and then the 
increasing rate decreases. After t = ~2 ns, the increase of vaporization depth as time goes on, if any, 
becomes very slow. Therefore, it can be seen that the vaporization mainly takes place during the first 2 
ns for different initial plasma temperatures.     
 
 
 
Figure 2. The accumulated vaporization depth of the hole sidewall vs time at z  = 130 μm predicted 
by model calculations under different initial plasma temperatures as shown in the figure (z = 130 μm 
is the approximate location on the sidewall where the maximum surface vaporization depth occurs as 
shown in Figure 1b)  
 
Figure 3 shows the thermal flux from the gaseous phase to the surface of the hole sidewall vs time 
at z = 130 µm (the approximate location where the maximum vaporization depth happens as shown in 
Figure 1b). The figure shows that the thermal flux first increases with time to a peak value and then 
decreases, and the peak flux is higher when the initial plasma temperature is higher.  When the plasma 
initial temperature is 30000 K, the peak flux is ~6.1 × 1012 W/m2. When the plasma initial temperature 
is 120000 K, the peak flux is ~8.6 × 1012 W/m2. This has helped the explanation of the higher 
vaporization depth for a higher initial plasma temperature. The flux FWHM duration is less than 1 ns 
for the initial plasma temperatures of 120000K and 30000 K.   
 
Figure 4 shows the heat flux to the sidewall surface vs z coordinate at t = 0.45 ns under different 
initial plasma temperatures. The figure shows that the heat flux is higher at higher initial plasma 
temperatures. It can also be seen from the figure that the heat flux is not spatially uniform. The 
spatially peak flux occurs at a z coordinate slightly below the z coordinate of the plasma initial top 
location. This has helped the explanation of the spatially non-uniform vaporization depth shown in 
Figure 1b.   The heat flux decreases as z coordinate changes from the flux peak location towards z = 0. 
The spatial gradient of the heat flux is higher at lower plasma temperatures. When the initial plasma 
temperature is 120000 K, the heat flux is still over 2.2 × 1012 W/m2 near z = 0. However, when the 
initial plasma temperature is 30000 K, the heat flux drops below 109 W/m2 for z < 100 µm.  
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Figure 3. The model-predicted thermal flux to the surface of the hole sidewall vs time at z = 130 
μm under different initial plasma temperatures as shown in the figure. 
 
Figure 5 shows the sidewall melting depth vs z at t = 4 ns. Similar to the vaporization depth,  the 
melting depth is also spatially non-uniform, and the peak occurs at a z coordinate slightly below the z 
coordinate of the plasma initial top location. The peak melting depth is higher at higher initial plasma 
temperatures. The spatially peak melting depth in Figure 5 is ~0.7 µm when the initial plasma 
temperature is 120000 K, and is ~0.6 µm when the initial plasma temperature is 30000 K. In the latter 
case, the melting depth also drops faster as z decreases from the peak melting depth location towards z 
= 0. Different from the vaporization depth, it has been found from the calculations that the melting 
depth still continues increasing at t = 4 ns.  
 
Finally, it should be noted that the goal of this paper is to qualitatively study the trend of the effects 
of initial plasma temperatures during the process, and the goal is not to perform quantitatively 
completely accurate model calculations. The model has its obvious limits and is based on simplified 
assumptions (please read the authors’ previous paper, Dabir-Moghaddam et al., 2016, for more 
detailed discussions). Room certainly still exists for increasing the numerical accuracy in the model 
calculations. Despite these limits, it is expected that the model should be sufficient to achieve this 
paper’s major goal described above (certainly, further work may still need to be carried out to fully 
confirm this).  
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Figure 4. The model-predicted heat flux to the hole sidewall surface vs z coordinate at t=0.45 ns 
under different initial plasma temperatures as shown in the figure (t=0.45 ns is the approximate time at 
which the maximum thermal flux takes place in Figure 3 for the initial plasma temperature of 120000 
K).   
 
4 Conclusions 
In this paper, physics-based modeling studies have been carried out on the amplification of a 
plasma plume that pre-exists in a microhole by a 150-ps duration laser pulse under different initial 
plasma temperatures, and on the resulted effects to the hole sidewall. Under the simulated conditions 
and the conditions given in Figures 1 to 5, it has been found that when the initial plasma temperature 
is higher, the heat flux to the sidewall is higher, which leads to a larger vaporization depth in the 
sidewall.  The heat flux is spatially non-uniform. A lower initial plasma temperature has led to more 
spatially non-uniform surface vaporization depths in the sidewall.  
 
Both the modeling studies in the authors’ previous work (Dabir-Moghaddam et al., 2016) and in 
this paper have implied the potential feasibility of the novel LAPA process as mentioned at the 
beginning of this paper. However, lots of future work is still required to confirm the feasibility of 
LAPA, reveal its advantages and possible disadvantages, and completely understand its fundamental 
physical mechanisms.  
 
Finally, it should be noted that although argon has been assumed to be the ambient gas in the 
model calculations in this paper and the authors’ previous work (Dabir-Moghaddam et al., 2016), it is 
expected that the LAPA technique can also be potentially carried out in other ambient gas 
environments, such as air.   
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Figure 5. The model-predicted melting depth in the hole sidewall vs z coordinate at t=4 ns under 
different initial plasma temperatures as shown in the figure. 
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